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Description 

This invention relates to apparatus and methods for 
use in a communications system, and finds applications, 
for example, in digital cellular mobile radio. 

During the past decade, trellis-coded modulation 
has proven to be a practical power-efficient and band- 
width-efficient modulation technique for channels with 
additive white Gaussian noise (AWGN). This technique 
has now been widely used in commercial telephone-line 
modems and has resulted in an increase of line rates of 
those modems to as much as 19.2 Kbits/s. 

More recently, those in the art have investigated the 
applicability of trellis-coded nrxxiulation to a further class 
of channels-specifically, fast-fading channels, i.e.. 
channels in which the signal amplitude can vary so dras-- 
tically over short time intervals that it is not practical to 
tracic it and thereby to accurately recover the transmitted 
information. Indeed, the signal amplitude may be so 
weak that, even if it could be tracked, accurate data re- 
covery may, again, not be possible. Mobile radio chan- 
nels of vark)us types fall within this category. As in tele- 
phone-line modem applications, the use of trellis codes 
in such channels provkJes so-called "coding gain" in sig- 
nal power (compared to so-called "uncoded" nrxxJulatbn 
approaches). The ultimate resuft is an enhanced capa- 
bility for accurate informaton recovery without requiring 
additbnal signal bandwidth. Unfortunately, it turns out 
that the improvement in error rale performance achieved 
for a given afTK>unt of coding gain is significantly less for 
the fast-fading channel than for, say, the telephone-line 
channel. For example, 3 dB of coding gain can provkie 
as much as three orders of magnitude improvement in 
the error rate for the telephone-line channel, but only 
about a factor-of-three improvement for the fast-fading 
channel. This disparity arises principally out of the very 
nature of the fast-fading channel, i.e., its fading charac- 
teristk^s. 

IEEE Intemational Conference on Communicatk)ns 
1988-Li Fung Chang: "Bkxjk-coded-modulation for digit- 
al radio communcations system" describes a digital ra- 
dio connmunicatk>ns system that uses a block code to 
implement diversity selectkxi. Diversity selection is as- 
sociated with multiple antennas at the receiver In other 
words, block coding is used to assist in the selection of 
the antenna from which the received signal will be proc- 
essed. 

IEEE Journal on selected areas in communicatk>n 
1989 - F. Edbauer: Performance of interleaved trel- 
lis-coded differential 8-PSK modulatbn over fading 
channels describes a fading channel communk^atkxis 
system that uses an interleaved trellis code with a 8-PSK 
modulation. An interleaver is used to separate adjacent 
signal points before transmission. 

According to one aspect of this inventbn there is 
provided apparatus as claimed in claim 1 . 

According to another aspect of this invention there 
is provided a method as claimed in claim 12. 



The prbr art has recognized that it is possible to take 
into account the occurrence of fast fades in the chan- 
nel-and thereby provide enhanced coding gain by using 
a combination of a) particular trellis codes exhibiting 
so-called "built-in time diversity" with b) interleav- 
ing/deinterleaving techniques whk;h re-order the trans- 
mitted signal points. At the same time, however, 1 have 
recognized that, in general, such prior art solutions way 
be less than wholly satisfactory for particular applica- 
tions. Digital cellular mobile radk> (hereafter referred to 
nnore simply as "mobile rado") is a notable example. 

In partk:ular. realization of the potential coding gain 
of such schemes necessitates the use of an interleav- 
er/deinterleaver whose characteristics are such that a 
significant amount of transmissbn delay may be intro- 
duced at both the transmitter and the receiver. The re- 
al-time nature of. for example, mobile rado systems 
means that such delay nnay have a signifk:ant negative 
impact on system performcince. Moreover, realizatbn of 
the potential coding gain entails even greater delay in 
systems which use a time^iiviskxi-multiple-access (TD- 
MA) approach-which has now been incorporated into 
the North Amerk:an standard for next-generatk>n mobile 
radk>. (This effect arises from the fact that, in a TDMA 
system, the signal points originating from a partk;ular one 
source are much closer to one another in time than woukf 
otherwise be the case.) Additionally, the fact that a trellis 
decoder, in order to output any particular signal point, 
needs to wait until it has received a number of subse- 
quent signal points may result in certain yet additk>nal 
delays and/or may waste some of the channel capacity 
in some specific applications. Such applicatkxis include 
systems involving speech encoders which encode on a 
bkx:k-by-block basis. 

I have realized that utilizing interleaved block-coded 
nrKxiulation with built-in time diversity can achieve com- 
parable or better coding gain than the above-described 
prior art while affording a large number of advantages 
thereover. Such advantages include: less implementa- 
tional complexity; less interleaver/deinterleaver and de- 
coding delay; the availability of higher bandwktth effi- 
ciency for some codes; enhanced flexibility in arriving at 
a system design having a desired tradeoff among com- 
plexity, power efficiency and bandwktth efficiency; and 
fewer system issues in general. 

In preferred embodiments, a constant-amplitude 
type of signal constellation is used in order to account 
for the fast variatkxis in signal amplitude that are the hall- 
nnark of mobile radk) and other fast-fading channels. 
Moreover, due to the fast variation in carrier phase that 
occurs in such channels, use of a non-coherent differen- 
tial detectkxi method is pref en'ed. Both of these criteria 
are advantageously satisfied by the use of M-point dif- 
ferential phase shift keying, or M-DPSK. 

The particular way in which the signal points are 
re-ordered by the interleaver may be nnatched to the par- 
ticular block code being used, thereby advantageously 
increasing the effective, although not the actual, size of 
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the interleaver and thus contributing to the aforemen- 
tioned reduced interleaver/deinterleaver delay. 

Brief Description of the Drawing 

In the drawing, 

FIG. 1 is a block diagram of adata communicatk)ns 
system embodying the invention; 
FIG. 2 is a chart which helps explain certain termi- 
nology and concepts; 

FIG. 3 shows an 8-PSK constellation which forms 
the basis of a number of the block codes discbsed 
herein; 

FIG. 4 depicts a codebook for a first block-coded 
modulatkxi scheme; 

FIG. 5 illustrates the operation of the interleaver 
shown in FIG. 1 with respect to the first bkx^k-coded 
modulatkxi scheme; 

FIGS. 6 and 7 graphk:ally depict a second 
block-coded nrKxlulatk>n scheme; 
FIGS. 8 and 9 graphk^ally depict a third block-coded 
pTKxjulatkDn scheme; 

FIG. 10 illustrates the operation of the interleaver 
with respect to the third block-coded modulation 
scheme; 

FIGS. 11-13 graphk^ly depict a fourth block-coded 
nrKxIulatkxi scheme ; 

FIG. 14 is a bkx:k diagram of the encoder/mapper 

of FIG. 1 for a fifth block-coded nrxxlulation scheme ; 

FIGS. 15-17 show the details of various parts of the 

encoder/mapper of FIG. 14; 

FIG. 18 shows a 12-PSK constellatKxi which forms 

the basis of a sixth block-coded rrxxJulation 

scheme ; .^.> 

FIGS. 19-20 graphically depkJtthe sixth block-coded 

modulatkxi scheme; and 

FIG. 21 is a block diagram of circuitry for implement- 
ing the sixth bkx:k-coded modulatkxi scheme. 

Detailed Description 

In the transmission system of FIG. 1 , input data on 
leads 1 1 is applied to a 2N-dimensional bkx:k encod- 
er/mapper 13 at a rate of m bits per T-secorxJ signalling 
interval, where m can be an integer or a fractional 
number Bkx:k encoder/mapper 1 3 accumulates a bkx^k 
of input data comprised of N signalling intervals' worth 
of bits and then uses a selected 2N-dimensk)nal block 
code to encode the accumulated N x m bits into N groups 
of (m+r) encoded bits, those groups being provided suc- 
cessively on leads 1 6. Here, the parameter r is the aver- 
age number of redundant bits per signalling interval in- 
troduced by the block encoder/mapper 1 3. Each altowed 
bit pattern of the (nrH-r)-bit group is associated with a par- 
ticular signal point of a two-dimensbnal (2D) 2^+0 
-PSK constellatkxi, where M is a selected integer. Spe- 
cifically, the signal point on leads 16 during the n*^ sig- 



nalling interval is denoted Pn. The block code is referred ' 
to as being '2N-dimenskxiar because each signal point 
has 2 dimensbns and each "codeword" output by the 
block encoder/mapper 13 is represented by N signal 
s points. 

Attention is directed briefly to FIG. 2 which will be 
helpful in understanding certain of the terminology and 
concepts used herein. The2N-dimenskxial block encod- 
er/mapper ^nerates 2N-dimenskxial "codewords". 

10 Each codeword is comprised of a sequence of N "signal 
points". Each signal point is a point in a predetermined 
two-dimensional "constellatkxi'-illustratively shown in 
FIG. 2 as a phase shift keying constellation having eight 
signal points, or 8-PSK. This 2N-dimensional codeword 

IS is delivered during N "signalling intervals," one signal 
point in each signalling interval. The assemblage of all 
2N-dimensk>nai codewords is referred to as the "2N-di- 
mensional constellation,' with each codeword being an 
"element" of the 2N-dimensional constellation. The 

20 2N-dimenskxial consteilatkxi is also referred to as a 
codebook or as an alphabet. In the descriptk>n to folk>w, 
each 2N-dimensbnal codeword is often treated as a con- 
catenation of two constituent N-dimensional elements of 
a constituent N-dimensk)nal constellation, where the 

25 constituent N-dimensional constellatran may be arrived 
at similarly to the 2N-dimensk>nal constellatk>n. This 
view may be iterated for the N/2-, N/4, etc., dimenskxial 
elements and constellatkxis. 

Returning to FIG. 1, the N successive 2D signal 

30 points output by encoder/mapper 13 on leads 16 in re- 
sponse to each group of N x m input bits are applied to 
interleaver 21 . The function of the latter is to re-order the 
signal points P^ so that the signal points bekxigingto any 
particular codeword will be separated from one another 

35 in time when transmitted. This approach reduces the 
likelihood that a fade in the channel will affect nnore than 
one of the N signal points in a codeword In preferred em- 
bodiments, the bkx:k code used in bkxk encoder/map- 
per 1 3 has built-in time diversity, to be described in detail 

40 hereinbebw, and this time separation of the signal points 
greatly enhances the ability of such a code to accurately 
recover the transmitted data, as will also be described. 
Furthermore, in accordarx^e with a feature of the inven- 
tion, the block code and the interleaver re-ordering algo- 
us rithm are chosen jointly so as to yet further enhance this 
ability. 

Finally, the re-ordered signal points output by the 
interleaver on leads 24 are applied to nrodulator 25 
whose output, in tum, is applied to fast-fading channel 

50 30. Modulator 25 is described more fully hereinbetow. 

In the receiver, dertKxiuIator 41 and deinterteaver 44 
perform the inverse f unctkwis of modulator 25 arxJ inter- 
leaver 21 , respectively. Accordingly, the output of the lat- 
ter, on leads 45, is the received, but channel-corrupted 

55 sequence of signal points, P^, corresponding to the se- 
quence of signal points appearing on leads 1 6 at the out- 
put of encoder/mapper 13. These are applied to block 
decoder 51 which recovers and provides, on leads 53, 
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thfe originally transmitted input data In accordance with 
a feature of the invention, as described more fully here- 
inbelow, block decoder 51 illustratively operates on the 
basis of so-called "soft decisions' similar to the maxi- 
mum-likelihood decoder conventionally used for trel- 
lis-coded signals in AWGN environments. 

At this point, it will be useful to explain the concept 
of time diversity coding in the context of a first particular 
illustrative bkx:k-code modulation scheme-referred to 
as Code I -that may be implemented in the illustrative 
embodiment of FIG. 1 . 

In particular, an 8-PSK signal constellation, as 
shown in FIG. 3, is illustratively used in implementing a 
four-dimensional (4D) code, meaning that each code- 
word generated by the code is comprised of two 2D 
points of the 8-PSK constellation. Those points are trans- 
mitted in respective signalling intervals. The eight points 
of the constellation are labelled 0 through 7. In this case, 
the parameters m and r are each equal to 1 .5 and, of 
course, N = 2. Thus, bkxk encoder/nnapper 13 gener- 
ates a 3-bit word in each of two successive signalling 
intervals, each such word identifying, by its bit values, a 
partk^ular one of the signal points 0 through 7. 

The encoding/nr^ping of the (N x m) = 3 bits input 
to bkx;k encoder/mapper 1 3 on leads 1 1 into codewords 
on leads 1 6 is shown in the table of FIG. 4 wherein each 
3-bit pattern in parentheses denotes the values of the 
(m+r = ) 3 encoded bits and is simply the binary verston 
of the decimal label of its associated signal point. There 
are 2^ 8 bit patterns, and hence 8 codewords. Notatk>n- 
ally, each codeword is referenced hereinafter in the form 
(x,y) where x and y are, respectively, the first and second 
signal points comprising the codeword. 

Significantly, each of the codewords of Code I differs 
> from any other codeword in both of the constituent 2D 
points. Thus, for example, neither the first nor the second 
signal point of the codeword (0,0) is the same as the first 
or second signal point of any other codeword. The sig- 
nifk:ance of this property may be understood by conski- 
ering the case when the amplitude of one of the two con- 
stituent signal points is so severely attenuated due to a 
channel fade that the information carried by it is com- 
pletely k>st. It is nonetheless possible to recover that in- 
formatkm as kxig as the other constituent signal point of 
the codeword has been accurately recovered. In partb- 
ular, if the first signal point of a recovered codeword is 
'3' whereas the second signal point is k>st, the transmit- 
ted codeword can nonetheless be determined to have 
been (3,7) because no other codeword has '3' as its first 
signal point (This analysis is an oversimplification of how 
the decoding process is preferably carried out, but is use- 
ful for purposes of explanatkxi.) Thus it is seen that this 
code provkies built-in enhanced immunity to fade-in- 
duced transmisskxi errors via the mechanism of time di- 
versity. That is, information about each input data bit ap- 
pears redundantly in the time domain within the coded 
signal. Thus, for example, informatk>n about each of the 
three bits of the input bit pattem 010 appears both in the 



6 

first signal point "3" and in the^econd signal point V of 
the corresponding codeword (3,7). 

In general, a code is sakJ to have X-fold time diver- 
sity, where X is an integer greater than unity, if each 

s codeword, which is comprised of an ordered sequence 
of signal points, differs from each other codeword at at 
least X signal point positions. It will thus be appreciated 
that Code I has two-foW built-in time diversity. TTiere are, 
indeed, a number of ways in which the signal points of 

10 FIG. 3 can be combined into a codebook of 4D code- 
words exhibiting two-fold built-in time diversity. Advanta- 
geously, however, the one shown in FIG. 4 has the fur- 
ther advantage of nrtaximizing the minimum squared Eu- 
clklean distance between codewords (given the require- 

is ment of two-fold time diversity), whk:h further enhances 
the error immunity of the overall coding scheme. That 
distance is "4" for this code. 

It is important at this point to emphasize that what is 
being described is a coded modulatbn scheme. By this 

20 is meant a scheme in whbh, a) in order to reduce the 
signal bandwktth requirement resulting from the intro- 
ducton of the redundant bits, the size of the signal con- 
stellatkxi is increased to more than 2^ signal points and 
b) the bkx;k encoding and constellatkxi mapping are in- 

25 terdependent This is in sharp contrast to conventkxial 
bkx:k coding schemes in which a) the introducton of the 
redundant bits is accommodated by expanding the sig- 
nal bandwk^h and b) the bkx:k coding and constellatkyi 
nnapping bear no relatkxiship to one another. 

30 More specifically, it is appropriate at this point to 
compare a) a code whch uses signal points from a 2D 
M-PSK constellation to b) a scheme whfch may, for ex- 
ample, block encode the input bits using, for example, a 
Reed-Sotonnon or other bkx;k code and then transmit the 

3S resulting encoded bits as a sequence of signal points 
each taken from the same 2D M-PSK constellatkxi. In 
such a case, the resulting ensemble of sequences of 
transmitted signal points may have certain attributes, 
such as X-fold time diversity and some coding gain. Any 

40 such approach, however, would not be concerned with 
the minimum Euclidean distance between the transmit- 
ted sequences of signal points, as is the case with the 
present inventkxi. As a result, the minimum squared Eu- 
clidean distance between the transmitted sequences of 

^ signal pdnts may be as small as a metrk: herein defined 
as the 'absolute minimum squared EuclkJean distance* 
associated with the alphabet in questkxi. That metre is 
given by the minimum squared Euclidean distance be- 
tween any pair of signal points of the 2D M-PSK constel- 

50 lation multiplied by the diversity parameter "X". Thus, for 
example, the absolute minimum squared Euclkiean dis- 
tance of a 4D code having 2-foki time diversity and using 
the 2D 8-PSK constellatk)n of FIG. 3 is 1 .17, which is the 
minimum squared Euclidean distance between the 

55 codewords of the 4D code comprised of the codewords, 
(0,0), (1,1), (2,2) ... (7,7). Codes in the present inventkm, 
by contrast, have a minimum squared Euclidean dis- 
tance between the transmitted sequences of signal 
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points, i.e., between the codewords, which ns greater 
than the aforementioned absolute minimum squared Eu- 
clidean distance. For Code I, for example, which also has 
two-fold diversity and also uses the constellation of FIG. 
3, the minimum squared Euclidean distance between 
codewords is 4. 

A further distinction is that conventional block en- 
coding approaches typk:ally use the same constellation 
that would be used by their uncoded counterparts. Thus, 
for example, to transmit (integer) m information bits/sig- 
nalling inten^al in an uncoded system, then the constel- 
lation used would have 2^ modulated signal points. Even 
If r redundant bits/signalling interval were introduced by 
the conventional block code, the same constellatkxi 
woukl stilt be used and the baud rate would be increased 
by a factor of (m+r)/m in order to accommodate these 
redundant bits. By contrast, coded modulation ap- 
proaches, such as the present inventkxi, accommodate 
at least some of the redundant bits by expanding the size 
of the constellatkxi to have more than 2^ modulated sig- 
nal points. 

Furthermore, there are a number of ways in whch 
the Input bit patterns can be assigned to the varbus 
codewords in FIG. 4. Advantageously, however, the par- 
tk;ular assignment scheme shown in FIG. 3 has the fur- 
ther advantage of reducing the number of bit errors that 
occur when the transmitted codeword is decoded incor- 
rectly. Specifically, a Gray coding type of scheme is used 
to assign the input bit patterns to the codewords. Assume 
that the second of the two signal points of a codeword 
may be k>st and the informatnn bits will be recovered 
based solely on the first received signal point. Now note 
in FIG. 4 how codewords whose first signal point are the 
closest to each other In Euclidean distance are assigned 
to bit patterns which differ in only one bit posftkxi. The 
underlying concept is that the signal points that are clos- 
est to one another are the ones that are nrK>st likely to be 
confused with one another. This being so, the adoptk>n 
of the aforementkxied Gray coding type of scheme for 
assigning the bit pattems assures that the minimum 
number of bit errors are associated with such most-like- 
ly-to-occur decoding errors. Thus since signal points 0 
and I have the minimum distance between them, the bit 
pattems ■000" and '001 ' respectively assigned to them 
differ in only one bit positk>n. (It is not possible with this 
partk:uiar code to simultaneously provide such en- 
hanced error correctkyi capability for an assumed fading 
of the first signal point, but some overall advantage is 
nonetheless achieved by treating only one case.) Finally, 
it may be noted that this Gray coding concept is used 
whenever, and to the extent, possible in the other codes 
to be described herein although specific mentk>n thereof 
will not be made herein. 

It will be appreciated that if a partk:ular one signal 
point is k>st due to fading, there is a significant likelihood 
that time-adjacent signal points may also be lost. There- 
fore, in accordance with a principle that is known in the 
art, the error immunity afforded by the built-in time diver- 



sity of the code can be enhanced by time-separating the 
two signal points of each codeword so that it is less likely 
that the two points of the codeword will fade concurrently. 
It is to this end that the signal points on leads 16 of 

s FIG. 1 are applied to interleaver 21 . 

Specifically, interleaver 21 takes in and stores a 
frame of J codewords, graphically depicted in FIG. 5 as 
being stored in respective rows of a storage matrix main- 
tained within the interleaver. At the point in time depk:ted 

10 In the figure, signal points P^ and P2 of a first codeword 
are stored in the first row, signal points P3 and P4 of a 
second codeword are stored in the second row, etc. In 
the most straightforward type of implementatkxi, the in- 
terleaver may wait until all J of the codewords have been 

IS read in. It then may read out the signal points that make 
up the codewords on a column-by-column basis, i.e., first 
the odd-numbered signal points P^, P3. .... P2J.1. and 
then the even-numbered signal points P^, P4, .., Pgj- (In 
nnore efficient implementations, it nnay be possible for the 

20 interleaver to begin reading out the odd-numbered signal 
points before all J codewords have been read in, as long 
as enough codewords have been read in to assure a syn- 
chronous flow of signal points on leads 24.) Note that the 
signal points at corresponding signal point positions of 

25 the codewords within the frame are now grouped togeth- 
er. That is, for i = 1, 2, N, the respective i** signal 
points of the codewcxds of a frame are arranged in re- 
spective groups. Thus, as desired, the two signal points 
of each codeword, appearing in a re-ordered succession 

30 on interleaver output leads 24, are now advantageously 
quite separated in time-specifically by J signalling inter- 
vals. The process obvously repeats for successive 
frames of J codewords. 

Ideally, the effectiveness of the interleaver is nnaxi- 

3S mized when the parameter J is greater than or equal to 
1/4 of the carrier wavelength divkled by the minimum ve- 
hk^le speed of interest multiplied by the signalling rate. 
(Ttiis formula is based on the assumptbn that there is 
only a single user per rrx>bile radb channel, as is the 

^ case when a frequency-diviskxi-multlplexing-access 
(FDMA) approach is used. The consideratkxis surround- 
ing the case where several users are time-multiplexed 
onto one channeMhe so-called TDMA approach-are 
treated at a nrK>re opportune point hereinbetow.) For par- 

4S ticular applk:atk>ns, however, a value of J less than this 
opt imum nnay have to be used to reduce the transmisskxi 
delay introduced by the interleaver/deinterieaver. (This 
nnay be necessary to ensure a desired level of data 
throughput or to avokJ unnatural conversatkxial delays 

50 that nnay otherwise be introduced into a conversation.) 
Finally, the re-ordered signal points Qp output by the 
interleaver on leads 24 are applied to 7c/M-Shifted 
M-DPSK modulator 25, whose carrier phase is shifted 
from that in the prevbus signalling interval by 2nQ^M 

55 augmented by a constant value of ic/M radians. I have 
recognized that the use of such 7i/M-shifted modulation 
can help to reduce the peak-to-average power ratk> and 
can ameliorate potential timing recovery problems in the 
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' receiver. 

Moreover, i have recognized that the fact that the 
transmitted signal points are interleaved advantageously 
eliminates, in the decoder, the correlation between the 
noise samples Introduced by the M-DPSK demodulating 
process. 

Code I has a bandwidth efficiency of 1 .5 bits/signal- 
ling inten^al and a 8.9 (14.3) dB coding gain-relative to, 
say, an uncoded 4-DPSK scheme having the same in- 
formation bit rate--for a mobile channel at a 20 (60) 
miles/hour vehicle speed assuming a bit en-or rate of 
1 0-3 These coding gains assume a particular "interleav- 
ing length' (given by the interleaving frame size, which 
is 2J for this case, divided by the signalling rate) of 37 
ms, which is dictated by human factors-specifically con- 
versational delay-considerations. These coding gains 
assume a carrier frequency of about 900 MHz. Herein- 
after, the coding gains for other codes are all specified 
under these conditions. 

There will now be presented several alternative 
block-coded nrKxJulation schemes suitable for use in fad- 
ing channels. These codes, by accepting a somewhat 
higher degree of decoder complexity, are able to achieve 
varying degrees of greater bandwidth efficiency and/or 
coding gain than this first code. (For present purposes, 
the decoder complexity can be understood to be the 
number of additions and/or comparisons per tnfonmation 
bit that need to be performed in carrying out the decoding 
process described below.) 

A graphical representation of the second code-re- 
ferred to as Code 1 1 -is shown in FIGS, 6 and 7. This is 
an eight-dimensional (8D) code which is arrived at by first 
defining a constituent 4D 8-PSK constellation which is 
formed by selecting particular elements from a concate- 
nated pair of 2D 8-PSK constellations of the type shown 
in FIG. 3. The desired 8D constellation is then similarly 
formed by selecting particular elements from a concate- 
nated pair of the 4D constellations. Each element of this 
8D constellation is used as a codeword of this 8D code. 

In particular, we select half of the 2^ x 2^ = 64 pos- 
sible 4D elements for inclusion in the 4D constellation. 
They are, illustratively, those elements of the form (a,b) 
where "a" and "b" are either both even-numbered 2D sig- 
nal points or both odd-numbered 2D signal points of the 
2D 8-PSK constellation shown in FIG. 3. Thus, for ex- 
ample, (0,0) and (5,7) are elements of the 4D constella- 
tion but (2,5) and (7,0) are not. As shown in FIG, 6, the 
32 elements of the 4D constellation are partitioned into 
four subsets Sq, .... S3. 

Finally, we select one-fourth of the 2^ x 2^ - 1024 
possible 8D elements for inclusion in the 8D constella- 
tion. These 256 elements are the elements in the four 
4D-subset pairs shown in the codebook of FIG, 7. Spe- 
cifically, the concatenation of a partbular pair of 4D ele- 
ments is an element of the 8D constellation if and only if 
the pair of 4D subsets to whk;h the first and second 4D 
elements belong are, respectively, one of the four pat- 
terns shown in FIG. 7. Thus, for example, (0,0,1 ,5) is an 



element of the 8D constellation because a) (0,0) and 
(1 ,5) are each elements of 4D subset Sq and b) the pat- 
tern (Sq, Sq) is one of the four albwed patterns of 4D-sub- 
set pairs. On the other hand. (0,2,0,6) is not an element 

s of the SD constellatbn because a) (0,2) and (0,6) are 
elements of subsets Sq and S3 and b) the pattern (So.Sa) 
is not one of the four allowed patterns of 4D-subset pairs. 
The above approach to the generation of a particular 
code can be generally defined as follows: (a) selecting 

10 particular concatenations of the signal points of a first 
constellation to be a first set of elements, (b) grouping 
the last-defined set of elements into subsets, (c) select- 
ing at least ones of the elements of selected concatena- 
tions of the subsets of step (b), each such element being 

IS a sequence of elements each taken from a respective 
subset of the concatenation, and (d) repeating steps (b), 
(c) and (d) until 2N-dimensior)al elements are formed, 
whereby those elements are said 2N-dimensional code- 
words. 

20 Since the 8D constellatbn thus formed has 2® = 256 
codewords, this code is capable of communk:ating eight 
Information bits for each 8D codeword. In general, any 
scheme for assigning the bit patterns to particular code- 
words coukl be used. However, in order to reduce the 

2S tmplementatbn complexity (as well as to take advantage 
of the possibility of using Gray coding as described 
above), the encoding/mapping process is split into two 
phases. As shown in FIG. 7, two bits are used to select 
a partbular 4D-subset pair, while, as shown in FIG. 6, 

30 three bits are used to select one of the eight elements in 
each of the two selected 4D subsets, for a total of six bits 
used in this phase and, of course, eight bits overall. 

Like the first code, this second code exhibits two-fokl 
built-in time diversity, as can be seen from the foltowing. 

35 First of all, each of the 4D subsets shown in FIG. 6 Itself 
has two-fold built-in time diversity. (Indeed, it will be ob- 
served that 4D-subset Sg taken by itself is the same as 
Code I described above. Moreover, each of the three oth- 
er 4D subsets couki have been used in its place.) Thus, 

40 It is guaranteed that any 4D-subset pair will also exhibit 
two-foki built-in time diversity. Specifically, it is easily ver- 
ified that if two 8D elements bebng to the same 4D-sub- 
set pair, i.e., they come from the same line entry in FIG. 
7, then those two 8D elements will differ in at least 

45 two-nand in some cases, all four~2D signal point posi- 
tions. In addftkxi, it is also easily verified that if the two 
8D elements bek)ng to different 4D-subset pairs, i.e.. 
they come from different line entries in FIG. 7, then those 
two 8D elements will differ in at least one 2D signal point 

50 position in the first constituent 4D element and also in at 
least one 2D signal point position in the second constit- 
uent 4D element. This results from the fact that each 4D 
subset appears only once in each of the two columns of 
the codebook of FIG. 7. Thus, as before, any two 8D 

55 codewords are guaranteed to differ from one another at 
at least two 2D signal point positk>ns. 

Interieaving of this code coukj be carried out using 
the interieaving approach described hereinabove where- 
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in the codewords are conceptualized as being read into 
the interleaver in rows-<Nie codeword per row-^and then 
read out in columns-first the first 2D elements of all the 
codewords, then the second 2D elements of all the code- 
words, and so forth. Alternativety, the interleaving ap- s 
proach described hereinbelow In conjunction with Code 
III of FIGS. 8 and 9 can be used. 

There are a number of possible ways to provkie 
two-fold built-in time diversity within the context of a code 
of the type just described. For example, there are a 
number of possible ways to a) select a 4D constellation, 
b) select a particular number of subsets into which the 
selected 4D constellation is to be partitioned, c) partition 
the selected 4D constellation into that number of sub- 
sets, or d) select a particular 8D constellation, i.e.. par- 
tkjular 4D-subset pairs, for the codebook. Some of these 
ways are essentially equivalent. For example, the 32-el- 
ement 4D constellation can be made up of the 32 ele- 
ments that were not selected in the earlier example. Or. 
different ones of four 4D-subset pairs meeting the 
above-discussed criteria can be used for the codebook, 
such as the four pairs (Sq, Sq). (S^.S^), (S2.S3). and 
(83,82). On the other hand, other ways of providing the 
two-fold built-in time diversity exhibit significant differ- 
ences in coding gain, bandwidth efficiency, and complex- 
ity (as discussed bek>w). 

Code II of FIGS. 6 and 7 has a bandwidth effk:iency 
of 2.0 bits/signalling interval and a 8.4 (14.5) dB coding 
gain for a rTK>bile channel at a 20 (60) miles/hour vehicle 
speed. Thus it is seen that this code provides greater 
bandwidth efficiency while achieving essentially the 
same coding gain as Code I of FIG, 4. This "improve- 
ment" is achieved, however, at the cost of somewhat 
greater complexity and somewhat lesser performance 
than Code I at speeds below 20 mph (e.g., 5.4 vs. 7.2 at 
lOmph). 

Turning now to FIGS. 8 and 9, there is depk:ted an- 
other 8D code—Code lll~with two-fold built-in time diver- 
sity whch prcvkfes the same bandwidth efficiency (1 .5 
bits/signalling interval) as Code I. but whch achieves sig- 
nifk:antly greater coding gain, again at a cost of some- 
what increased complexity. 

As shown in FIG. 8, Code III is constructed by first 
partrtbning each of the four subsets Sq, S^, S2 and S3 
of the 32-element 4D 8-PSK constellation of FIG. 6 into 
four finer subsets, each of which is comprised of two el- 
ements. The resultant finer subsets are denoted Tq 
through T^5. Then, as shown in the codebook of FIG. 9, 
the concatenation of a particular pair of 4D elements is 
an element of the 8D constellation if and only if the pair 
of 4D subsets to which the first and second 4D elements 
bekxig are, respectively, one of the sixteen patterns 
shown in FIG. 9. There are a total of 64 codewords in the 
8D constellation. As further shown in FIG. 9. four bits are 
used to select a particular 4D-subset pair while, as 
shown in FIG. 8, two bits are used to select one of the 
two elements in each 4D subset, for a total of six bits 
overall. 



Advantageously, this code has 10.1 '(17:1) dB cod- 
ing gain for a nnobile channel at a 20 (60) miles/hour ve- 
hicle speed. Thus it is seen that this code provides great- 
er coding gains than either of the two previous codes. 

In order to fully appreciate how these greater coding 
gains come about, it is useful to define a parameter which 
is a) easy to compute and b) provides an indication of 
the fading channel performance. This parameter, re- 
ferred to herein as the "minimum squared Euclidian dis- 
tance at X-fokJ time diversity" or MDX. is useful in the 
design of codes having X-foki time diversity for the fading 
channel and is the minimum squared Euclkiean distance 
between any two codewords which differ from each other 
at exactly X signal point positions. In general, the larger 
this distance, the greater the coding gain. Other fac- 
tors-including, for example, vehk:le speed, interleaving 
length, number of dimenskxis of the code, and the over- 
all minimum Euclidean distance between any two code- 
words-also affect the coding gain so that two codes with 
the same MDX may exhibit somewhat different coding 
gains. In general, however, there is a high correlatkxi be- 
tween the MDX and the coding gain-^as long as the in- 
terleaving length is sufficient to ensure that the signal 
points of a partk;ular codeword will fade independently. 
Given the assumed interleaving length of 37 ms and ve- 
hicle speed at or above 20 mph. such independent fading 
is in fact assured for. for example, the 4D and 8D codes 
thus far described. Thus the MDX of 4. 4. and 8. respec- 
tively, for these three codes results in substantially the 
same coding gains for the first two and a significantly 
greater coding gain for the third. (Throughout this de- 
scription, all quoted values of the MDX are cak:ulated 
assuming an M-PSK constellation with unity radius.) 

As with the code of FIGS. 6 and 7, interleaving of 
Code III could be carried out using the interleaving ap- 
proach described hereinabove. In accordance with the 
inventbn, however, the particular way in whk;h the signal 
points are re-ordered by the interleaver may be matched 
to the partcular block code being used in such a way 
which, a) for a given interleaving length~to which the in- 
terleaver may be constrained by system consideratk>ns, 
as described abcve— increases the effectiveness of the 
interleaver, i.e., the contribution of the interleaving proc- 
ess to the coding gain, or b) for a given level of coding 
gain, allows for a shorter interleaving length, thereby 
possibly meeting system requirements that could not 
otherwise be met. 

Looking at the code of FIGS. 8 and 9. it can be ob- 
served that all codewords whk;h differ in only two signal 
point positbns do so either in the first and second signal 
point positions or in the third and fourth signal point po- 
sitions. This being so, I have recognized that— folbwing 
the logk: set forth above for the interleaver of FIG. 5-it 
is advantageous to re-arrange the order in which the col- 
umns of signal points are read out of the interleaver— spe- 
cifically, as shown in FIG. 10, first the first 2D signal 
points of all the codewords (column A of FIG. 10), then 
the third 2D signal points of all the codewords (column 
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C), then the second (colunnn B), and then the fourth (col- 
umn D). This approach advantageously separates the 
first and second signal points of any codeword by 2J sig- 
nalling Intervals instead of J signalling intervals and, sim- 
ilarly, the third and fourth signal points. s 

In the more general case, it will be appreciated that 
various re-ordering schemes can be used within the in- 
terleaver-dependlng on the structure of the code- 
words-in order to maximally separate those signal 
points of the codewords which differ in X signal point po- 10 
sitions and thus give rise to the desired X-fdd built-in 
time diversity. More formally stated, given particular ones 
of the codewords of the alphabet that differ in exactly X 
signal point positions, and which have an inter-codeword 
distance MDX, and denoting two of those X signal point 
positions as the k^^ and q^^ signal point positions, the in- 
terleaver operates to generate a re-ordered succession 
of the signal points of the codewords of each frame in 
such a way that the signal points at those k*^ and q*^ 
signal point posltkxis are separated by nrx>re than J sig- 20 
nal points in the re-ordered succession. Given this gen- 
eral principle, it is not necessary to further describe the 
interieaver structure that may be advantageously used 
in conjunction with the various other codes to be de- 
scribed hereinbetow. 2S 

Turning now to FIGS. 11-13, there is a 16D 
code-Code IV~with two-fold built-in time diversity wh'ch 
has the same MDX (i.e., 4) as the Codes I anti II. How- 
ever, the 16D code provkJes significantly higher band- 
width efficiency (2 3/8 bits/signalling interval) than the 30 
codes described to this point at the expense of less cod- 
ing gain (for the same interleaving length). The decoder 
complexity is also somewhat greater than in the codes 
already described. 

We begin by first defining a 64-element constituent^-^ 
4D 8-PSK constellatbn whk;h is formed from a concate- 
nated pair of 2D 8-PSK constellalkxis of FIG. 3. The 4D 
constellatk>n is then partitioned into eight subsets Sq 
through S7 as shown in FIG. 11. (It nnay be noted that 
subs^s Sq through are, illustratively, the same four ^ 
subsets shown in FIG. 6.) A constituent 8D constellatkxi 
is then formed by selecting partrcular elements from a 
concatenated pair of the 4D constellatkxis. Specifically, 
we select 32 of the 64 possible 4D-subset pairs to make 
up the 8D constellatkxi. The latter, whch is comprised ^ 
of 21^ elements, is partitkxied into eight subsets, each 
comprising four of the 4D-subset pairs, as shown in FIG. 
1 2. The eight 8D subsets are denoted as S q, S'^ , S'y. 

Finally, we select one-eighth of the 2ii x 2^^ possible 
16D elements for incluskxi in the 16D constellation, so 
These 2^® elements are the elements in the eight 
8D-subset pairs shown in the codebook of FIG. 1 3. Spe- 
cifically, the concatenatk)n of a partk;ular pair of 8D ele- 
ments Is an element of the 16D constellatk>n if and only 
if the pair of 8D subsets to whk:h the first and second S5 
constituent 8D elements bebng are, respectively, one of 
the eight pattems shown in FIG, 13. 

As further shown in FIGS. 11-13, three bits are used 



10 select'a particular 8D-subset pair; two bits are used to 
select a particular 4D-subset pair from each of the two 
selected 8D subsets, for a total of 4 bits at this level; three 
bits are used to select a particular pair of 2D points from 
each of the four selected 4D subsets, for a total of 1 2 bits 
at this level and a total of 19 bits overall. Since each 
codeword extends over eight sigialling intervals, the 
bandwidth effkiiency is 19/8 = 2 3/8 bits/signalling inter- 
val. 

This code has 6.8 (1 3.9) dB coding gain for a nriobiie 
channel at a 20 (60) miles/hour vehfcle speed. 

To this point, the vark>us codes have been described 
using a quasi-graphical approach. Alternatively, the 
codes can each be described in temns of a few simple 
Boolean expresskxis which define the operatkxi of a 
number of k>gk:al components which comprise the block 
encoder/mapper, e.g., block encoder/nnapper 1 3 of FIG. 
1 . This latter approach will now be used to describe the 
next code because the graphical approach for that code 
is complicated to represent. It will be appreciated that 
any of the prk>r codes couki also have been described 
using this latter approach. Conversely, the Boolean ex- 
pressions set forth bebw can be used to construct a qua- 
si-graphical representation as was done for the other 
codes. 

In particular, this next code is another 16D 8-PSK 
code-Code V-with two-fold built-in time diversity and 
whk;h has the same MDX (i.e., 8) as Code 111 of FIGS. 
8-9. Although this code has neither the highest band- 
width efficiency nor the largest coding gain, it does ad- 
vantageously afford a useful combination of both of 
these parameters. Specifically, it has a coding gain of 8.5 
(20 mph) and 1 6.7 (60 mph) and a bandwKflh efficiency 
of 2.0 bits/signalling inten/al. TTie decoder complexity is 
the greatest of all the codes described. 

As shown in FIG. 14, the 16 input bits accumulated 
over eight signalling intervals on leads 11 of FIG. 1 are 
applied to circuitry whk^h, ultimately, ktentrfies by three 
bits on each of leads 1 341 -2, 1 351 -2, 1 361 -2 and 1 371 -2 
the particular eight 2D points on leads 16 of FIG. 1 which 
comprise the 16D codeword associated with the 1 6 input 
bits. (Note that in FIG. 14 (as well as in FIGS. 15 and 21 
described bebw), the number of bits shown as being car- 
ried on a particular set of leads, e.g. leads 11, is the 
number of bits aggregated over N signalling intervals. 
This is in contrast to, for example, FIG. 1 in whk:h the 
number of bits shown as being carried by a particular set 
of leads is the average number of bits per signalling in- 
terval.) As with the codes already (graph bally) de- 
scribed, the mapping is carried out in stages. In partbu- 
iar, the 16 bits on leads 11 are applied to 16D-to-8D-con- 
stellatbnHTiapper converter 131 , which provkJes ten bits 
on each of Its output leads 1 31 1 arxJ 1 31 2. Each of those 
ten bits is associated with a particular element of a con- 
stituent 8D constellation. Only particular combinatbns of 
those 8D elements appear on leads 1 31 1 -1 2. As will be- 
come even clearer hereinbebw, this restriction corre- 
sponds to the restriction in, for example. Code IV of 
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FIGSr 11-13 that the 16D constellation Is comprised of 
only certain selected 8D-subset pairs. 

At the next stage, the bits on leads 1 311 -1 2 are ap- 
plied to respective 8D-to-4D-constellation-mapper con- 
verters 132 and 133. Converter 132, for example, pro- 
vides six bits on each of its output leads 1 321 and 1 322. 
Each of those six bits is associated with a particular el- 
ement of a constituent 4D constellation and only partic- 
ular combinations of those 4D elements appear on leads 
1321-2, again corresponding to the way in which Code 
IV is constructed. Converter 1 33 Is identical to converter 
132. Depending on the implementation, only one such 
converter may be used. The two groups of ten bits each 
on leads 1311 and 1312 would then be delivered to this 
single converter successively. 

At the final stage, the bits on leads 1321-2 and 
1331-2 are applied to respective 4D-constellat ion-map- 
pers 134-137. Mapper 134, for example, provides three 
bits on each of its output leads 1 341 and 1342. Each of 
those three bits is associated with a particular point of 
the 8-PSK constellation of FIG. 3 and all 2^ = 64 combi- 
nations of the two 2D points are used. Mappers 1 34-1 37 
are identical. As is the case of converters 1 32 and 1 37, 
only one such mapper may be used. 

Illustrative embodiments of 16I>to-8D-constella- 
tlon-mapper converter 131, 8D-to-4D-constella- 
tion-mapper -mapper converter 132 and 4D mapper 1 34 
are shown in FIGS. 15-17, respectively. 

Referring first to FIG. 15, the sixteen bits on leads 
1 1 are divided into three groups. The first group is com- 
prised of four bits 10^ through I3„ which are applied to 
8D-subset pair selector 231. The second (third) group, 
comprised of six bits 14^ through 19^ (110^ through 115^) 
simply pass through to become output bits X4n through 
X9n (X4^ through The output bits of selector 

231 are two groups of four bits each-XOn through X3n 
and X0n^4 through X3^. The ten bits with the subscript 
"n" will ultimately be used to identify the first constituent 
8D element of the codeword, which is comprised of the 
four 2D signal points through (FIG. 1 ). Similarly, 
the ten bits with the subscript 'n-h4' will ultimately be 
used to identify the second constituent 8D element of the 
codeword, which is comprised of the four 2D signal 
points Pn+4 through P^+y In particular, the bits XO^ 
through X3n identify a particular one of sixteen 8D sub- 
sets, while the bits X4„ through X% ultimately identify a 
particular one element of that 8D subset. Likewise for the 
ten bits with subscript ■n-h4". Selector 231 provides its 
output bits in accordance with the following Boolean ex- 
pressions: 

X3^ = l3n 



X2^ = '1r 



X0^ = '2„©M„©I0„ 
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The ten bits XO^ through XQ^ are applied to convert- 
er 132. As shown in FIG. 16, these bits are also divided 
into three groups. The first group is comprised of the 
eight bits X0„ through X7n which are applied to 4D-sub- 
set pair selector 232. The second (third) group, com- 
prised of the single bit XS^ (XQ^), simply passes through 
to become output bit Y5„ (Y5n^2)- ^he output bits of se- 
lector 232 are two groups of five bits each-YO^ through 
Y4n and YOn^.2 through Y4n+2- The six bits with the sub- 
script "n' will be used to identify the first constituent 4D 
element of the first constituent 8D element of the code- 
word, which is comprised of the two 2D signal points P^ 
and P^i. Similarty, the six bits with the subscript •n+2' 
will be used to identify the second constituent 4D ele- 
ment of the first constituent 8D element of the codeword, 
which is comprised of the two 2D signal points P„^2 
Pn+3- The bits YO^ through Y4n identify a particular one 
of 32 4D subsets, while the single bit YS^ identifies a par- 
ticular one element of that 4D subset. Likewise for the 
six bits with subscript 'n+2'. Selector 232 provides its 
output bits in accordance with the following Boolean ex- 
pressions: 

YV2 = X3n 



Y3„,2 = X4„®X1, 



Y2 o = X5 ®X2 
n+2 n n 



YV2 = X6„ 



Y0„,2 = X7„®X6„®X0„ 



Y4„ 


= X3„ 


Y3„ 


= X5„ 


Y2„ 


= X4„ 


Y1„ 


= X6„ 






Y0„ 


= X7„ 



The six bits YO^ through Y5n are applied to nrapper 
1 34 as shown in FIG. 17. The output bits of mapper 1 34 
are two groups of three bits each~ZO„ through 72^ and 
ZOn+1 through 22^^^. The three bits with the subscript 
"n" define 2D signal point P„. Similarty, the three bits with 
the subscript "n+l ' define 2D signal point P^^^ . Mapper 
134 provides its output bits in accordance with the fol- 
k>wing Boolean expressbns: 
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Z1„*i=Y2„eY1„ 

Z0n*i-Y0„eY4„ 

Z2„ = Y5„ 
n n 

n n 

n n 

A graphical representatiCNi of a sixth code-Code 
VI -is shown in Fl GS. 1 8-20. This is another 8D code with 
two-fold built-in time diversity which achieves a hi^er 
bandwidth efficiency-2 3/8 bits/signalling inten^al-than, 
for example, Cocte II of Fl GS. 6-7 at the expense of larger 
M-PSK constellation size of twelve points (M = 1 2) rather 
than eight and slightly higher complexity and some deg- 
radation in the coding gain. 

Like the other 8D codes described above, Code VI 
is arrived at by first defining a 4D constellation which is 
formed by selecting particular elements from a concate- 
nated pair of 2D constellations. However, as noted 
above, the 2D constellation is a 12-point constella- 
tion-specifically, the 12-PSK constellation shown in FIG. 
1 8. This code is thus unique in that the value of M is other 
than an integral power of 2. The desired 8D constellation 
is then similarly formed by selecting particular elements 
from a concatenated pair of the 4D constellations. Each 
element of this 8D constellation is used as a codeword 
of this BD code. 

In particular, we select half of the 12^= 144 possible 
4D elements for inclusion in the 4D constellation. As in 
Code II of FIGS. 6-7, they are, illustratively,' those ele- 
ments of the form (a,b) where "a" and "b" are either both 
even-numbered 2D signal points or both odd-numbered 
2D signal points of the 2D 12-PSK constellation shown 
in FIG. 18. As shown in FIG. 19. the 72 elements of the 
4D constellation are partitioned into six subsets Sq, .... 
S5 of 12 elements each. 

Finally, we select 768 of the 72^= 5184 possible 8D 
elements for inclusion in the 8D constellation, the reason 
for using 768 being explained hereinbebw. These 768 
elements are particular ones of the elements in the six 
4D- subset pairs shown in FIG. 20. Note a difference 
here between this code and alt the others previously de- 
scribed. In the other 8D codes, all of the elements of each 
selected 4D-subset pair are used, i.e., are codewords. 
In the case of FIG. 20, however, this approach would re- 
sult in 144 codewords from each 4D-subset pair, for a 
total of 864. However, only 766 codewords are desired. 
Hence in this case, only 1 28 elements of each 4D-subset 
pair of FIG. 20~selected as described below-are used. 

It will be appreciated from the foregoing that ten bits 
are required to identify a particular codeword. Specifical- 
ly, three bits are used to select a particular 4D-subset 
pair (FIG. 20) and. sirrce each such pair has 128 el- 



ements, another seven bits are needed to select a par- 
ticular codeword. Note, however, that not all possible 
combinations of those ten bits are allowed, as this would 
result in 1 ,024 combinations whereas only 768 code- 
s words are available. Indeed, even if all 1 44 elements of 
each 4D-subset pair were included in the code, there 
would still be an insufficient number of codewords, i.e., 
1 44 X 6 = 864. (Although use of all 864 codewords would 
provide slightly greater bandwidth efficiency, additional 
processing would be required and additional processing 
delay would result.) 

The task at this point, then, is to provide an easily 
implemented way of generating, from the stream of input 
bits, 768 10-bit word patterns for each four signalling in- 
ten^ls. This is illustratively achieved in accordance with 
a technique which processes 19 bits taken in over eight 
signalling intervals to generate two 8D codewords, there- 
by achieving the af orementk)ned bandwidth efficiency of 
19/8 = 2 3/8 bits/signalling inten^al. 

Specifically, FIG. 21 shows circuitry which takes in 
the input bits on input leads 201 and provides the signal 
points Pn, Pn^3 on output leads 219. This circuitry 
specifically comprises a pre-encoder 208, parallel-to-se- 
rial group converter 209 and block encoder/mapper 21 3, 
the latter corresponding to block encoder/mapper 13 of 
FIG. 1. 

The input bits on leads 201 are divided into three 
groups d 8, 8 and 3 bits, respectively. The two groups 
of 8 bits simply pass through the pre-encoder. The group 
of 3 bits is applied to bit pattern selector 2081 . whch pro- 
vkies on its output leads 2082 and 2083 two groups of 2 
bits each. The two bits on leads 2082 can take on one 
of the three patterns "OO", "01 " or "10", but not "ir. Sim- 
ilarly for the two bits on leads 2083. Additionally, the pat- 
tern "10' cannot appear on leads 2082 and 2083 at the 
same time. There are thus 2^ = 8 possible different com- 
binatbns of the values of the bits on leads 2082 and 
2083. 

The output bits of pre-encoder 208 are grouped into 
two groups of ten bits each, which are applied one after 
the other by parallel-to-serial converter 209 to encod- 
er/mapper 213 in order to identify two successive 8D 
codewords. To this end, each group of ten bits is divided 
into a 3-bit group-including the two bits from one of leacte 
2082 or 2083 and one of the other precoder input 
bits-and a 7-bit group. The 3-bit group can thus take on 
3x2 = 6 possible patterns, which are the six possible 
patterns shown in FIG. 20 used to select a particular 
4D-subset pair. The 7-bit group is used to select a par- 
ticular codeword from the selected pair. 

Specifically, the 3- and 7-brt groups are applied to 
8D-to-4D-constellation-mapper converter 2133 within 
block encoder/mapper 213. The 3-bit group is applied 
via lead 21 21 to 4D-subset pair selector 21 33 which pro- 
vides on its output leads 21 34 and 2135 respective 3-bit 
words, each of which identifies one of the 4D subsets of 
the selected pair The other seven bits are divided into 
three groups of 3, 2 and 2 bits, respectively. The two 
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groups of 2 bits simply pass through convener 21 31 , The 
group of 3 bits Is applied to bit pattern selector 2132. 
which is Illustratively identical to bit pattern selector 
2081 . There are thus three possible combinations of the 
values of the two bits on output leads 21 36 and similarly 
on leads 21 37. The two bits on each of output leads 21 36 
and 2137 are grouped with one of the two 2-bit groups 
on leads 2138 and 2139 to provide respective 4-bit 
words, each of which can assume one of 3 x 4 = 12 bit 
patterns. Each such 12-bit pattern Is used to select a par- 
ticular element from a particular one of the 4D subsets 
identified by the bits on leads 21 34 and 21 35. The seven 
bits on leads 21 36, 21 38 and 21 34 are applied to a 4D 
constellation mapper 2141 , which provides on its output 
leads the two 2D signal points and which com- 
prise the first constituent 4D element of the 8D code- 
word. Similarly, the seven bits on leads 21 37, 21 39 and 

2135 are applied to a 4D constellation mapper 2142, 
which provides on its output leads the two 2D signal 
points and P„^3 which comprise the second con- 
stituent 4D element of the 8D codeword. 4D-Constella- 
tion mappers 21 41 and 21 42 are identical. As in the case 
of Code V, only one such mapper may be used. 

The assignment of bit patterns to 4D-subset pairs, 
shown in FIG. 20, and to the elements of each 4D subset, 
FIG. 19, could be arbitrary. However, the particular as- 
signment scheme shown in FIGS. 1 9 and 20 ensures 
that there is no code-originated dc energy in the trans- 
mitted signal. 

In particular, we begin by recognizing that not every 
4D element in any particular 4D subset Is used with equal 
probability. This results from the fact that the bit patterns 
on 4D constellation mapper 2141 (2142) input leads 

21 36 and 21 38 (21 37 and 21 39) do not occur with equal 
probability. Thus, in particular, the four bit pattems 
'1000-, "lOlO', "1001 • and "lOir each occur with prob- 
ability 1/16, while the other eight bit pattems each occur 
with probability 3/32. This situation could result in a lack 
of dc balance in the code if care is not taken in assigning 
the particular bit pattems to the partcular elements of 
the 4D subsets. In preferred embodiments, however, 
care is taken to ensure that bit pattems with equal prob- 
ability are assigned to respective 4D elements in each 
4D subset in FIG. 1 9 in such a way that the sum of the 
first coordinate of the 4D elements is zero, and similarly 
for the second, third and fourth coordinates. Consider, 
for example, the two bit pattems "1000" and "1010", 
which, as noted above, each have probability of 1/16. 
Referring back to FIG. 1 8, and assuming that the 2D sig- 
nal points lie on a circle of radius "A", then coordinates 
of the 4D element (0,0) in 4D subset S4~to whk;h the bit 
pattern "1000" is assigned~are seen to be {A,0) and 
(A,0). Similarly, the coordinates of the 4D element (6,6) 
in the same 4D subset S4~to whkih the bit pattem '1010" 
Is assigned^re seen to be (-A.O) and (-A,0). Applying 
the above criterion, then, the sum of the first coordinates 
(A) + (-A) is zero, the sum of the second coordinates (0) 
+ (0) is zero, the sum of the third coordinates (A) + (-A) 



is zero and the sum of the fourth coordinates (0) + (0) is 
zero. 

The above-discussed criterion assures bng-tenm dc 
balance. Advantageously, short-term dc balance can 
s also be achieved by putting further constraints on the as- 
signment of bit pattems to particular 4D elements across 
the various 4D subsets, as in FIG. 19, and also to 
4D-subsct pairs, as in FIG. 20. Note In FIG. 19 that the 
six 4D elements in different 4D subsets, which all begin 
with a particular 2D point, are assigned to a partk:ular 
one bit pattem. Thus, for example, the 4D elements as- 
signed to the bit pattem "0110" all have "8" as their first 
2D signal point. 

Note further that not every 4D subset is used with 
equal probability. This results from the fact that the bit 
pattems on 4D-subset pair selector 2133 Input leads 
2121 do not occur with equal probability. Thus, in partk:- 
ular, the two bit pattems "1 00" and "101 " each occur with 
probability of 1/8, while th other four bit pattems each 
occur with probability of 3/16. Now note from FIG. 19 
that, for every 4D element of subset S4 that has a par- 
ticular first 2D point, the 4D element that has the same 
first 2D point and a balancing second 2D point is as- 
signed to subset Sg. Thus, for example, since subset S4 
includes the 4D elements (1 ,7) then subset S5 includes 
the 4D element (1 , 1 ). As a result of the foregoing, subset 
S5 exhibits nrwre "dc balance" with subset S4 than with 
any other subset. 

Similarly, 4D subset Sq exhibits "dc balance" with 
subset S3, and 4D subset S^ exhibits "dc balance" with 
subset S2. In prefen-ed embodiments of FIG. 20, care is 
taken to select the six 4D-subset pairs to form the 8D 
constellations and to assign the input bit pattems to the 
selected 4D-subset pairs in such a way that the new "dc 
balanced" 4D subsets S4 and Sg are used with equal 
probability of 1/8 and the other four 4D subsets are used 
with equal probability of 3/16. 

This code has 6.7 (1 2. 1 ) dB coding gain for a mobile 
channel at a 20 (60) miles/hour vehk^le speed. The MDX 
of this code is 2 and, indeed, the coding gain of this code 
is the smallest of all the codes described herein. 

Returning now to FIG. 1 , the preferred structure for 
bkx:k decoder 51 will now be described. The same bask; 
type of structure can be used for all of the codes de- 
scribed herein. The decoding process for the assumed 
type of channel and modulation/denrKxjulatbn-e.g., a 
mobile channel using M-DPSK with non-coherent detec- 
tion-is similar to that whk:h wouki be used for an AWGN 
channel. This approach nnay not be optimal in that the 
impairments in the mobile channel and the non-coherent 
M-DPSK derTKxJulating process introduce noise which 
does not fit the AWGN rrKxJel. TTiis approach, however, 
has the advantage of being simple to implement arKl will 
exhibit at least ck>se-to-optimal performance. 

The decoding proceeds by examining each 2D point 
of a particular received signal corresponding to a trans- 
mitted 2N-dimensional codeword. In particular, so-called 
■2D point metres" are computed for each received 2D 
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point by measuring the squared Euclidean distance be- 
tween the received point and all possible transmitted 2D 
points. In performing this calculation, a particular radius 
of the transmitted constellation is assumed and the re- 
ceiver is provided with an automatic gain control (not s 
shown) which is set so as to provide an output constel- 
latbn whose long term average radius is at least approx- 
imately equal to the radius assumed In the decoding. The 
performance of the decoder is not sensitive to the exact 
setting of this received constellation radius. Moreover, in 10 
order to de-emphasize the contribution of a faded-and 
therefore potentially unreliable-signal point to the de- 
coding process, each of the 2D point metrics may be 
weighted by a factor proportional to the amplitude of the 
corresponding received 2D point is 

The received N 2D received signal points corre- 
sponding to the transmitted codeword are sequentially 
grouped into N/2 4D elements, each of which are then 
further processed as folbws: We find, for each 4D sub- 
set, the one 4D element of that subset which is 'closest' 20 
to the received 4D element being processed. This is 
achieved by taking each element of the 4D subset in turn 
and forming the sum of the two 2D point metrics corre- 
sponding to that element. The 4D element correspond- 
ing to the smallest such sum-referred to bebw as the 2S 
'40 subset metrlc'-is then identified as the "dosest" 4D 
element. The result to this point, then, is the identifica- 
tion, for each of the received 4D elements, of a particular 
4D element and its associated 4D subset metric for each 
4D subset. 30 

If the code is a 4D code, then there is only one 4D 
subset. Thus only one 4D element has been identified 
and that element is taken to be the transmitted code- 
word. If the code is an 8D or greater code, the above 
process iterates for each of the^received 8D elements. 3S 

In partbular, the received N/2 4D received elements 
are sequentially grouped into N/4 8D elements, each of 
which is then processed in a manner anabgous to the 
4D case. In partbular, we find, for each 8D subset, the 
one 8D element of that subset which is 'ck>sest' to the 40 
received 8D element being processed. This is achieved 
by taking each 4D-subset pair in the 8D subset in turn 
and forming the sum of the two 4D subset metrics cor- 
responding to that pair. The 8D element in the 4D-subset 
pair-which is the pair of 4D elements, one element for 45 
each 4D subset, obtained from the prevbus step-corre- 
sponding to the snnallest such sum-referred to as the 
■8D subset metrb'-is then identified as the "cbsesf 8D 
element. 

If the code is an 8D code, then a single 8D element so 
has now been identified. Otherwise, the process is again 
iterated for 16D, and so forth. 

The identified codeword is then mapped into data 
bits based on the bit assignment scheme associated with 
the code, e.g. , FIGS. 1 4-1 7 for Code V. ss 

Advantageously, the above-described decoding 
process is implementable in a highly parallel fashion, 
thereby reducing the time required for decoding whbh 



allows for the practical implementation of more compli- 
cated-and thus nnore effective-bbck-coded schemes 
and/or higher input data rates. In partbular, the 2D point 
metrics can be cabulated for each of the N 2D points of 
a received 2N-dimensional signal all at the same time, 
and similariy for the 4D and 8D subset metrics. Moreo- 
ver, once a number of 2N -dimensional signals are avail- 
able at the deinterieaver output, each of those signals 
may be decoded independently of the others in parallel 
fashbn. This characteristb of the block codes is not pos- 
sible wfth, for example, trellis codes which require se- 
quential processing on each 2D point. 

Codes of this type can be combined with space di- 
versity in order to provbe even greater performance en- 
hancement. In partbular, the receiving statbn, such as 
an autonrK)bile. is provided with two or more receiving 
antennas whbh are separated by at least 1/4 wavelength 
so that the signals received from the respective antennas 
fade independently from each other. The first step of the 
decoding process is then carried out for the signal re- 
ceived from each antenna. The resulting "preliminary" 
2D point metrb associated with each point of the con- 
stellation is added to the 2D point metric for that point 
obtained from the other antennas. The resulting sum is 
a f inar 2D point metrb whbh is then used as the 2D 
point metrb in the subsequent decoding process steps. 

The foregoing merely illustrates the invention. For 
example, although the inventbn is described herein prin- 
cipally in the context of digital cellular mobile radb, it is 
equally applicable to other fading-signal environments. 
Moreover, although the foregoing discussbn has implb- 
itly assumed that there is only a single user per mobile 
radb channel, as is the case when a frequency. -divi- 
sion-muttiplexing-access (FDMA) approach is used, the 
inventbn is equally applicable to the case where several'-^ 
users are time-multiplexed onto one channel-the 
so-called TDMA approach. In such applbations, the m- 
terieaver design and the format of the TDMA frame 
should be matched to one another to the maximum ex- 
tent possible. In partbular, the interieaving length shouki 
be an integral multiple of the TDMA frame length and 
shoub be suffbiently large to ensure an appropriate time 
separatbn of signal points of a codeword. This may lead 
to a requirement that the signal points from a given code- 
word be dispersed among two or more TDMA frames. 
/Vlternatively, the number of time slots assigned to each 
user within a TDMA f rame-which should themselves be 
as separated as possible within the frame-coub be in- 
creased to more than one, thereby reducing the inter- 
leaving length requirement and/or enhancing the per- 
formartce. Hiese considerations favor the use of as bw 
a dimensionality coding scheme as possible that will al- 
low other system objectives to be achieved. 

These same consideratbns make trellis-coded 
schemes less attractive than the block-coded modula- 
tion approach of the present inventbn because a trel- 
lis-coded scheme will normally require higher interieav- 
ing length -whbh introduces delay~or a greater number 
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of time slots per user per TDMA frame, which may be 
inconsistent with other system requirements. Further ad- 
vantages of the use of block-coded modulation as com- 
pared, for example, to trellis-coded modulation are that, 
once the signals carried in an interleaving frame have s 
been received, the information can all be immediately 
decoded, which may rxst be the case for trellis-coded 
schemes. This property of the block-encoded nrKxjula- 
tion avoids the delay that might otherwise occur with the 
trellis-encoded scheme when the system includes a 10 
speech decoder foltowing the channel decoder. 

Other variations are possible. For example, various 
values of the parameters M can be chosen, such as M 
= 4, 6. 8, 12, 16, etc. Any integer value greater than unity 
can be used for the parameter N. For each combinatk>n 
of M and N, varbus different codes can be an-ived at 
which provide varying combinations of bandwidth effi- 2. 
ciency, coding gain and implementatkxial complexity. 
Codes with X-fokJ time diversity with X other than 2 may 
be similarly constructed. Only a small handful of the pos- 20 
sible codes have been presented herein. The partk:utar 3. 
code that is used in a partcutar applcation being chosen 
is a function of the particular needs and constraints of 
that applicatkxi. As but one example, since increasing 
the signalling rate, i.e., the reciprocal of the signalling in- 2S 
terval, tends to introduce and^or increase intersymbol in- 
terference, then, in order to support a given data rate 4. 
without encountering an undue amount of intersymbol 
interference, one might choose a code with a relatively 
high bandwidth efficiency-even at the expense of pos- ^ 
sible increase In complexity and/or possible decrease in 5. 
coding gain-so that the signalling rate can be main- 
tained acceptably k)w. 

Moreover, although the diversity built in to the codes 
described herein is illustratively expk>ited in the time do- 
main (by ensuring that the transmisskxi of the signal 
points whk;h provkle the diversity occurs in signalling in- 
ten/als that are well separated in time), that diversity can 
also be exploited in other donnains such as by transmit- 6. 
ting those signal points in physcally separate, independ- 40 
ently fading channels. Thus although the codes dis- 
ck)sed herein are described as having built-in time diver- 
sity, they can be more generally described as having 
"built-in diversity," of which built-in time diversity is a sec- 
ular case. 45 



Claims 

1 . Apparatus for use in a communicattons system com- so 
prising 

8. 

means for receiving (1 1 ) a successk>n of blocks 
of input data, and 

means for defining an alphabet of codewords ss 
each (13) associated with a unique one of the 
possible values of said input data blocks and for 9. 
generating, in response to said bkxks of input 



data, the associated ones of said codewords, 
CHARACTERIZED IN THAT 
each of the codewords of said alphabet com- 
prises a combinatkm of at least two modulated 
signal points taken from a predetermined con- 
stellation of modulated signal points, said alpha- 
bet of codewords has built-in X-fokJ diversity so 
that each of the codewords of said alphabet dif- 
fers from each other codeword of said alphabet 
at at least X signal point positions, where X is 
an integer greater than unity, and the minimum 
squared Euclidean distance between said 
codewords is greater than the absolute mini- 
mum squared EuclkJean distance associated 
with said alphabet. 

Apparatus as claimed in claim 1 comprising means 
for transmitting (25) a signal representing said gen- 
erated codewords. 

Apparatus as claimed in claim 1 wherein said bkx;ks 
of input data are received at a rate of m bits every T 
seconds, where T is a predetermined signaling inter- 
val, and saki constellation comprises more than 2^ 
nrxxiulated signal points. 

Apparatus as claimed in claim 1 wherein said con- 
stellation of modulated signal points is an M-PSK 
constellatkxi, where M is a selected integer. 

Apparatus as claimed in claim 1 wherein sakJ defin- 
ing and generating means generates said ones of 
said codewords by encoding said each bkx^kof input 
data into blocks of encoded bits and by selecting the 
signal points whk:h comprise each one of sakJ gen- 
erated codewords in response to each bkx^k of 
encoded bits. 

Apparatus as claimed in claim 1 wherein said gen- 
erated codewords occur in successive frames of 
codewords, and said apparatus comprises means 
for re-ordering (21 ) the signal points of the code- 
words of each frame in such a way that the signal 
points at corresponding signal point positions of the 
codewords within each frame are grouped together. 

Apparatus as claimed in claim 6 comprising means 
for transmitting (25) a signal representing said 
re-ordered signal points using carrier phase differ- 
ences. 

Apparatus as claimed in claim 6 comprising means 
for transmitting a (25) signal representing the 
re-ordered signal points using carrier phase differ- 
ences augmented by a constant value. 

Apparatus as claimed in claim 1 wherein said gen- 
erated codewords occur in successive frames of 
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codewords, each of said codewords comprises N 
signal points, and said apparatus comprises means 
for re-ordering (21) the signal points of the code- 
words of each frame in such a way that, f or i = 1 ,2, . . . , 
N, the respective i** signal points of the codewords 
of a frame are anranged in respective groups. 

10. Apparatus as claimed in claim 1 wherein said gen- 
erated codewords occur in successive frames of 
codewords, and said apparatus comprises means 
for generating (21) a re-ordered succession of the 
signal points of the codewords of each frame in such 
a way that, in the re-ordered succession, the sepa- 
ration between the signal points within each code- 
word is increased. 

11. Apparatus as claimed in claim 6 wherein said gen- 
erated codewords occur in successive frames of J 
codewords each, particular ones of the codewords 
of said alphabet differ in exactly X signal point posl- 
tbns, two of which are the k** and q* signal point 
positions, and said apparatus comprises means for 
generating (21 ) a re-ordered succession of the sig- 
nal points of the codewords of each frame in such a 
way that the signal points at said k*^ and q*^ signal 
point positk>ns are separated by rTK>re than J si^al 
positions in said succession. 

12. A method for use in a communications system com- 
prising the steps of 

receiving a succession of blocks of input data, 
and 

generating, in response to said blocks of input 
data, associated "Codewords of an alphabet of 
codewords each associated with a unque one 
of the possible values of sakJ input data bkx:ks, 
CHARACTERIZED IN THAT 
each of the codewords of said alphabet com- 
prises a combination of at least two modulated 
signal points taken from a predetermined con- 
stellation of nrKxiulated signal points, sakJ alpha- 
bet of codewords has built-in X-fokJ diversity, so 
that each of the codewords of said alphabet dif- 
fers from each other codeword of said alphabet 
at at least X signal point positbns, where X is 
an integer greater than unity, and the minimum 
squared Euclidean distance between said 
codewords is greater than the absolute mini- 
mum squared Euclidean distance associated 
with said alphabet. 

1 3. A method as claimed in claim 1 2 comprising the step 
of transmitting a signal representing said generated 
codewords. 

1 4. A method as claimed in claim 1 3 wherein said blocks 
of input data are received at a rate of m bits every T 



seconds, where T is a predetermined signaling inter-- 
val, and said constellation comprises more than 2^ 
modulated signal points. 

5 15. A method as claimed in claim 14 wherein said con- 
stellation of modulated signal points is an M-PSK 
constellation, where M is a selected integer. 

1 6. A method as claimed in claim 1 4 wherein in saki gen- 
10 erating step said one of said codewords is generated 

by encoding sakJ each block of input data into blocks 
of encoded bits and by selecting the signal points 
which comprise said one of said codewords in 
response to said each bkx;k of encoded bits. 

IS 

17. A method as claimed in claim 14 wherein sakJ gen- 
erated codewords occur in successive frames of 
codewords, and sakJ method comprises the step of 
reordering the signal points of the codewords of 

20 each frame in such a way that the signal points at 
corresponding signal point positk>ns of the code- 
words within each frame are grouped together. 

1 8. A method as claimed in claim 1 7 comprising the step 
2S of transmitting a signal representing sakJ re-ordered 

signal points using carrier phase differences. 

1 9. A method as claimed in claim 1 7 comprising the step 
of transmitting a signal representing the re-ordered 

30 signal points using carrier phase differences aug- 
mented by a constant value. 

20. A method as claimed in claim 1 4 wherein sakJ gen- 
erated codewords occur in successive frames of 

3S codewords, each of said codewords comprises N 
signal points, and said method comprises the step 
of re-ordering the signal points of the codewords of 
each frame in such a way that, for i = 1 , 2, N, the 
respective i^ signal points of the codewords of a 

to frame are arranged in respective groups. 

21. A method as claimed in claim 14 wherein said gen- 
erated codewords occur in successive frames of 
codewords, and sakJ method comprises the step of 

45 generating a re-ordered succession of the signal 
points of the codewords of each frame in such a way 
that, in the re-ordered successkxi, the separatk)n 
between the signal points within each codeword is 
increased. 

so 

22. A method as claimed in claim 1 4 wherein said gen- 
erated codewords occur in successive frames of J 
codewords each, particular ones of the codewords 
of said alphabet differ in exactly X signal point posi- 
es tions. two of whk;h are the k* and q*^ signal point 

positions, and said method comprises the step of 
generating a re-ordered succession of the signal 
points of the codewords of each frame in such a way 



so 

22. 



14 



27 



EP0486 729 B1 



28 



that the signal points at said k^^ and q*^ signal point 
positions are separated by nrtore than the J signal 
points in said succession. 



Patentanspr uche 

1 . Vorrbhtung zur Verwendung in einem Kozmunikati- 
onssystem mit Mittein zum Empfangen (11) einer 
Folge von Blocken von Eingangsdaten, und Mittein 
zum Definieren eines Alphabets von Codeworten, 
die jeweils (13) mit einem einmatigen der moglichen 
Werte der besagten Eingangsdatenblocke verbun- 
den Bind, und zum Erzeugen der zugehorigen der 
besagten Codeworte als Reaktkxi auf besagte 
Blocke von Eingangsdaten. dadurch gekennzeich- 
net, da3 jedes der Codeworte des besagten Alpha- 
bets eine Kombinatk)n von mindestens zwei aus 
einer vorbestimmten Konstellation von modulierten 
SIgnalpunkten entnommenen nrxxJulierten Signal- 
punkten umfaBt, wobei das besagte Alphabet von 
Codeworten eingebaute X-tach-Diversity aufweist, 
so daB sich jedes der Codeworte des besagten 
Alphabets an mindestens X Signalpunktstellen von 
jedem anderen Codewort des besagten Alphabets 
unterscheidet, wobei X eine Ganzzahl grower als 
Eins ist, und der quadrierte euklidische Mindestab- 
stand zwischen den besagten Codeworten grower 
als der mit dem besagten Alphatset verbundene 
absolute quadrierte euklidische Mindestabstand ist. 

2. Vorrichtung nach Anspruch 1 mit Mittein zur Uber- 
tragung (25) eines die besagten erzeugten Code- 
worte darstellenden Signals. 

3. Vorrk;htung nach Anspruch 1 , wobei besagte Blocke 
von Eingangsdaten mit einer Rate von m Bit alle T 
Sekunden empfangen werden, wobei T ein vorbe- 
stimmter Signalisierungsabstand ist und die 
besagte Konstellatbn mehr als 2"™ modulierte 
Signale umfaBt. 

4. Vorrichtung nach Anspruch 1. wobei die besagte 
Konstellatbn modulierter Signalpunkte eine 
M-PSK-Konstel[atk>n ist, wobei M eine ausgewahlte 
Ganzzahl ist. 

5. Vorrichtung nach Anspruch 1 , wobei die besagten 
Definierungs- und Erzeugungsmittel die besagten 
der besagten Codeworte durch Codieren des 
besagten jewetligen Blocks von Eingangsdaten in 
Blocke codierter Bit und durch Auswahlen der 
Signalpunkte, die jedes der besagten erzeugten 
Codeworte umfassen, als Reaktbn auf jeden Bkx:k 
codierter Bit erzeugen. 

6. Vorrichtung nach Anspruch 1 , wobei die besagten 
erzeugten Codeworte in aufelnanderfolgenden 



Rahmen von Codeworten auflreten und die besagte 
Vorrichtung Mittel zum Umordnen (21) der Signal- 
punkte der Codeworte in jedem Rahmen derart da3 
die Signalpunkte an entsprechenden Signalpunkt- 
s stellen der Codeworte in jedem Rahmen zusam- 
mengruppiert sind, umfaBt. 

7. Vorrichtung nach Anspruch 6 mit Mittein zum Uber- 
tragen (25) eines die besagten umgeordneten 

10 Signalpunkte anhand von Tragerphasenunterschie- 
den darstellenden Signals. 

8. Vorrichtung nach Anspruch 6 mit Mittein zum Uber- 
tragen (25) eines die umgeordneten Sigialpunkte 

IS anhand von durch einen konstanten Wert erhohten 
Tragerphasenunterschieden darstellenden Signals. 

9. Vorrichtung nach Anspruch 1 , wobei die besagten 
erzeugten Codeworte in aufelnanderfolgenden 

20 Rahmen von Codeworten auftreten, jedes der 
besagten Codeworte N Signalpunkte umfaBt und 
besagte Vorrichtung Mittel zum Umordnen (21 ) der 
Signalpunkte der Codeworte jedes Rahmens derart, 
daB bei i = 1 . 2, N die entsprechenden i*®" Signal- 

25 punkte der Codeworte eines Rahmens in entspre- 
chenden Gruppen angeordnet sind, umfaBt. 

10. Vorrichtung nach Anspruch 1, wobei die besagten 
erzeugten Codeworte in aufelnanderfolgenden 

30 Rahmen von Codeworten auftreten urKi die besagte 
Vorrichtung Mittel zum Erzeugen (21) einer umge- 
ordneten Folge der Signalpunkte der Codeworte 
jedes Rahmens derart, daB in der umgeordneten 
Folge die Trennung zwischen den SIgnalpunkten 

3S innerhalb jedes Codewortes vergroBert wird, 
umfaBt. 

11. Vorrichtung nach Anspruch 6, wobei die besagten 
erzeugten Codeworte jeweils in aufeinanderfolgen- 

40 den Rahmen von J Codeworten auftreten, 
bestimmte der Codeworte des besagten Alphabets 
sich an genau X Signalpunktstellen unterschekjen, 
von denen zwei die k*®" und q*®" Signalpunktstellen 
sind, und besagte Vorrrchtung Mittel zum Erzeu^n 

45 (21) einer umgeordneten Folge der Signalpunkte 
der Codeworte jedes Rahmens derart, daB die 
Signalpunkte an besagten k^®" und q*®" Signal- 
punktstellen um mehr als J Signalstellen in der 
besagten Folge getrennt sind, umfaBt. 

50 

12. Verfahren zur Anwendung in einem Kommunikati- 
onssystem mit fotgenden Schrrtten: 

Empfangen einer Folge von Blocken von Ein- 
gangsdaten, und 
S5 Erzeugen von zugehorigen Codeworten eines 

Alphabets von jeweils mit einem einmaligen der 
moglichen Werte besagter Eingangsdatenblocke 
verbundenen Codeworten als Reaktion auf die 
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" ' besagten Blocke von Eingangsdaten, dadurch 
gekennzeichnet, da3 jedes der Codeworte des 
besagten Alphabets eine Kombination von minde- 
stens zwei aus einer vorbestimmten Konstellation 
von modulierten Signalpunkten entnommenen 
modulierten Signalpunkten umfaQt, das besagte 
Alphabet von Codeworten eingebaute X-fach-Diver- 
srtat aufwelst, so daB jedes der Codeworte des 
besagten Alphabets sk:h von jedem anderen Code- 
wort des besagten Alphabets an mindestens X 
Signalpunktstellen unterscheidet, wobei X eine 
Ganzzahl groGer als EIns ist, und der quadrierte 
euklidische Mindestabstand zwischen den besag- 
ten Codeworten groBer ats der mrt dem besagten 
Alphabet verbundene absolute quadrierte euklidi- 
sche Mindestabstand ist. 

13. Verfahren nach Anspruch 12 mit dem Schritt des 
Ubertragens eines die besagten erzeugten Code- 
worte darstellenden Signals. 

14. Verfahren nach Anspruch 13, wobei die besagten 
Blocke von Eingangsdaten mit einer Rate von m Bit 
alle T Sekunden empfangen werden, wobei T ein 
vorbestimmter Signalisierungazeitabstand ist, und 
die besagte Konstellatk>n mehr als 2^ modulierte 
Signalpunkte umfaOt. 

15. Verfahren nach Anspruch 14, wobei die besagte 
Konstellatkxi modulierter Signalpunkte eine 
M-PSK-Konstellation ist, wobei M eine ausgewahlte 
Ganzzahl ist. 

16. Verfahren nach Anspruch 14, wobei im besagten 
■'■ - -Erzeugungsschritt das besagte der besagten Code- 
worte durch Codieren des besagten jeweiligen 
Blocks von Eingangsdaten in Blocke von codierten 
Bit und durch Auswahlen'der Signalpunkte, die das 
besagte der besagten Codeworte umfassen, als 
Reaktkxi auf besagten jeweiligen Bkx:k codierter Bit 
erzeugt wird. 

17. Verfahren nach Anspruch 14. wobei die besagten 
erzeugten Codeworte in auleinanderfolgenden 
Rahmen von Codeworten auftreten und das 
besagte Verfahren den Schritt des Umordhens der 
Signalpunkte der Codeworte jedes Rahmens derart, 
daB die Signalpunkte an entsprechenden Signal- 
punktstellen der Codeworte innerhalb jedes Rah- 
mens zusammengruppiert sind, umfaBt. 

18. Verfahren nach Anspruch 17 mit dem Schritt des 
Ubertragens eines die besagten umgeordneten 
Signalpunkte anharxJ von Tragerphasenunterschie- 
den darstellenden Signals. 

19. Verfahren nach Anspruch 17 mit dem Schritt des 
Ubertragens eines die umgeordneten Signalpunkte 



anhand von durch einen'konstanten Wert ertiohten 
Tragerphasenunterschieden darstellenden Signals. 

20. Verfahren nach Anspruch 14. wobei die besagten 
5 erzeugten Codeworte in aufeinanderfolgenden 

Rahmen von Codeworten auftreten, jedes der 
besagten Codeworte N Signalpunkte umfaBt und 
das besagte Verfahren den Schritt des Umordnens 
der Signalpunkte der Cocteworte jedes Rahmens 
10 derart, daB bei i = 1 , 2, . . . , N die entsprechenden i*®" 
Signalpunkte der Codeworte eines Rahmens in ent- 
sprechenden Gruppen angeordnet sind, umfaBt. 

21. Vertahren nach Anspruch 14, wobei die besagten 
IS erzeugten Codeworte in aufeinanderfolgenden 

Rahmen von Codeworten auftreten und das 
besagte verfahren den Schritt des Erzeugens einer 
umgeordneten Folge der Signalpunkte der Code- 
worte jedes Rahmens derart, daB in der umgeord- 
20 neten Folge die Trennung zwischen den Signal- 
punkten inneriialb jedes Codewortes vergroBert 
wird, umfaBt. 

22. Vertahren nach Anspruch 14, wobei die besagten 
25 erzeugten Codeworte jeweils in aufeinanderfolgen- 
den Rahmen von J Codeworten auftreten, 
bestimmte der Codeworte des besagten Alphabets 
sich an genau X Signalpunktstellen unterschekjen, 
von denen zwei die k*^" und q^®" Signalpunktstellen 

30 sind, und besagtes Verfahren den Schritt des Erz- 
eugens einer umgeordneten Folge der Signalpunkte 
der Codeworte jedes Rahmens derart, daB die 
Signalpunkte an den besagten k^®" und q*®" Signal- 
punktstellen um mehr als die J Signalpunkte In der 

35 besagten Folge getrennt sind, umfaBt. 



Revendicatlons 

40 1 . Appareil pour I'utilisatkxi dans un syst6me de com- 
munk:atk>ns comprenant 

un moyen de reception (11) d'une succession 
de bkxs de donnas d'entr^e, et 

45 un moyen de d^finitbn dun alphabet de mots 

de code (1 3) associ^ chacun k une valeur uni- 
que des valeurs possibles desdfts blocs de don- 
n6es d'entr^e et de g^nSration, en r§ponse 
auxdits bkx^s de donndes d'entr^e, desdrts 

50 mots de codes associ^e. 

CARACTERISE EN CE QUE 

chacun des mots de code dudit alphabet comprend 
une combinaison d'au moins deux points de signal 
55 moduli pris dans une constellatk^ pr6ddtermin6e 
de points de signal moduli, ledit alphabet de mots 
de code a une diversity par X intdgrde de telle sorte 
que chacun des mots de code dudit alphabet diff 6re 
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de chaque autre mot de code'dudit 'alphabets au 
moins X positions de points de signal, ou X est un 
nombre entier sup^rieur ^ I'unit6, et la distance 
euclldlenne au carrde minimum entre les mots de 
code est sup^rieure ^ la distance euclidienne au car- 
r^e minimum absotue associ^e audit alphabet. 

2. Appareil selon la revendication 1 , comprenant un 
moyen d'emission (25) d'un signal repr^sentant les- 
drts codes de mot g6n6r6s. 

3. Appareil selon la revendication 1 , dans lequel lesdits 
blocs de donn^es d'entr^e sont regus k un d6bit de 
m binaires toutes les T secondes. ou T est un inter- 
valle de signalisation pr6d6t6rmin6. et ladite cons- 
tellation comprend plus de 2^ points de signal 
rrKxJut^. 

4. Appareil selon la revendication 1 , dans lequel ladite 
constellation de points de signal modul6 est une 
constellation M-PSK, ou M est un nombre entier 
s6lectionn6. 

5. Appareil selon la revendication 1 , dans lequel ledit 
moyen de definition et gdndration ^nere lesdits 
rrK)ts de code en codant chaque dit bloc de donn^es 
d'entr^e en blocs de binaires codds et en s6lection- 
nant les points de signal qui composent chacun des- 
dits mots de code g6ner6s en reponse ^ chaque bloc 
de binaires cod6s. 

6. Appareil selon la revendication 1 , dans lequel lesdits 
mots de code g^n^r^s se produisent en trames suc- 
cessives de nmts de code, et ledit appareil com- 
prend un moyen de remise^n ordre (21) des points 
de signal des nDOts de code de chaque trame de telle 
mant^re que les points de signal aux positions de 
points de signal correspondantes des mots de code 
au sein de chaque trame sont group6s ensemble. 

7. Appareil selon la revendication 6. comprenant un 
nrK>yen d'emission (25) d'un signal reprSsentant les- 
dits points de signal remis en ordre en utitisant des 
differences de phase de porteuse. 

8. Appareil selon la revendication 6, comprenant un 
moyen d'6mission (25) d'un signal repr^sentant les- 
dits points de signal remis en ordre en utilisant des 
differences de phase de porteuse augmentees 
d'une valeur constante. 

9. Appareil selon la revendication 1 , dans lequel lesdits 
nnots de code generes se produisent dans des tra- 
mes successives de nDots de code, chacun desdits 
mots de code comprend N points de signal, et ledit 
appareil comprend un rrx^yen de remise en ordre 
(21) des points de signal des mots de code-de cha- 
que trame de telle maniere que, pour i = 1,2,..., N, 



les i^"*® points de signal respectifs des mots de code '^---rr-^'^^ '^^^t^n.^ . - . . 
d'une trame sont disposee en groupes respectifs. 

1 0. Appareil selon la revendication 1 , dans lequel lesdits 
5 mots de code generes se produisent dans des tra- 
mes successives de mots de code, et ledit appareil 
comprend un moyen de generation (21) d'une suc- 
cession remise en ordre des points de signal des 
mots de code de chaque trame de telle maniere que, 

10 dans la succession remise en ordre. la separation 
entre les points de signal au sein de chaque mot de 
code est accrue. 

1 1 . Appareil selon ta revendication 6, dans lequel lesdits 
75 mots de code generes se produisent dans des tra- 
mes successives de J mots de code, desdits nriots 
de code parttculiers dudit alphabet different k exac- 
tement X positions de points de si^al, deux d'entre 
elles etant les k^"*® et q^™® positions de points de 

20 signal, et ledit appareil comprend un nrtoyen de 

generation (21) d'une succession remise en ordre 

des points de signal des mots de code de chaque 

trame de telle maniere que les points de signal 

auxdites k^"»® et q^">® positbns de points de signal 
2S sont separes par plus de J positions de signal dans 

ladite succession. 

12. Methode pour I'utilisatbn dans un systeme de com- 
munications comprenant les etapes de 

30 

reception d'une succession de blocs de don- 
nees d'entree, et 

generation, en reponse auxdits blocs de don- 

nees d'entree. de mots de code associes d'un 
35 alphabet de mots de code associes chacurr^^^ 

une valeur unique de valeurs possibles desdits 

blocs de donnees d'entree. 

CARACTERISEE EN CE QUE 

chacun des mots de code dudit alphabet com- 
^ prend une combinalson d'au moins deux points 

de signal nrxxjuie prts dans une constellation 

predeterminee de points de signal module, ledit 

alphabet de mots de code a une diversrte par X 

integree, de telle sorte que chacun des mots de 
45 code dudit alphabet difierede chaque autre HTKit 

de code dudit alphabet k au moins X positions 

de points de signal, ou X est un nombre entier 

superieur^ {'unite, et la distance euclidienne au 

carree minimum entre les mots de code est 
50 superieure k la distance euclidienne au carree 

minimum absolue associee audit alphat>et. 

13. Methode selon la revendication 12, comprenant 
retape d'emission d'un signal representant lesdits 

55 codes de mot g6neres. 

14. Methode sebn la revendication 13, dans laquelle 
lesdits blocs de donnees d'entree sont regus k un 
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debit de m binaires toutes les T secondes; ou T est ^ 
un intervalle de signalisation pr^6termjn6, et ladite 
constellation cx>mprend plus de 2"* points de signal 
moduld. 

15. M^thode salon la revendication 14, dans laquelle 
ladite constellation de points de signal module est 
une constellation M-PSK, ou M est un nombre entier 
selectionn6. 

16. M^thode selon la revendication 14, dans laquelle 
dans ladite 6tape de g6n6ration ledit mot de code 
desdits rnoXs de code est genere en codant chaque 
drt bloc de donn^es d'entr^e en blocs de binaires 
codes et en s^lectionnant les points de signal qui 
composent ledrt mot de code desdits mots de code 
en r^ponse k chaque dit bloc de binaires codes. 

17. M^thode selon la revendk^ion 14, dans laquelle 
lesdits mots de code g6n6r6s se produisent en tra- 
mes successives de mots de code, et ladite 
m6thode comprend I'^tape de remise en ordre des 
points de signal des mots de code de chaque trame 
de telle mani^re que les points de signal aux posi- 
tions de points de signal correspondantes des mots 
de code au sein de chaque trame sont groupds 
ensemble. 

18. Methode selon la revendication 17, comprenant 
i'6tape d'^mission d'un signal repr6sentant lesdits 
points de signal rem is en ordre en utilisant des dif- 
ferences de phase de porteuse. 

19. M6thode selon la revendication 17, comprenant 
i'6tape d'emission d'un signal repr^sentanMesdits 
points de signal rem is en ordre en utilisant des dif- 
ferences de phase de porteuse augmentees d'une 
valeur constante. 

20. Methode selon la revendication 14, dans laquelle 
lesdits mots de code generes se produisent dans 
des trames successives de mots de code, chacun 
desdits mots de code comprend N points de signal, 
et tadite methode comprend I'etape de remise en 
ordre des points de signal des mots de code de cha- 
que trame de telle manidre que, pour b 1,2,.... N, 
les i^^ points de si^al respectif s des mots de code 
d'une trame sont disposes en groupes respectifs. 

21. Methode selon la revendication 14, dans laquelle 
lesdits mots de code generes se produisent dans 
des trames successives de mots de code, et ladite 
methode comprend I'etape de generation d'une suc- 
cession de remise en ordre des points de signal des 
mots de code de chaque trame de telle maniere que, 
dans la succession remise en ordre, la separation 
entre les points de signal au sein de chaque mot de 
code est accrue. 



" ' 22. Methode selon la revendication 14, dans laquelle 
lesdits HDots de code generes se produisent dans 
des trames successives de J mots de code, des 
mots de code partk;uliers dudit alphabet different ^ 

s exactement X positions de points de signal, deux 
d'entre elles etant les k^"»® et q^"*® positions de 
points de signal, et ladite methode comprend I'etape 
de generation d'une succession remise en ordre des 
points de signal des mots de code de chaque trame 

10 de telle maniere que les points de signal auxdites 
kerne qeme positions de points de signal sont sepa- 
res par plus de J positions de signal dans ladite suc- 
cession. 
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